The noise performance of the force sensor is crucial for optimizing the resolution in non-contact atomic force microscopy. Sensing forces in vacuum and low temperatures is even more demanding than at ambient conditions. Here we analyze the noise performance and the sensitivity of a force sensor based on a quartz tuning fork of which one of the prongs is ®xed (qPlus sensor). The noise characteristic of the qPlus sensor, optical and piezoresistive detection schemes at room temperature are compared and the qPlus sensor is investigated at low temperatures. The frequency variation of quartz tuning forks as a function of temperature is experimentally determined for the temperature range from 4 to 300 K. #
Introduction
Since Binnig et al. [1] introduced the atomic force microscope (AFM) in 1986, many different operation modes have been developed for this instrument. From a pure static contact mode to the dynamic non-contact mode with large amplitudes which reaches true atomic resolution on reactive surfaces like the Si(1 1 1) 7 Â 7 [2] , the resolution has been steadily increased. The noise characteristics and the sensitivity of an atomic force sensor are responsible for the quality of the measurements in non-contact atomic force microscopy. Typically, a force sensor for AFM consists of a cantilever and a de¯ection measurement scheme. The experimental de¯ection noise is determined by both the cantilever and the de¯ection measurement scheme.
In principle, two different kinds of detection systems can be distinguished:
self-sensing devices such as piezoresistive [3] or piezoelectric cantilevers [4] ; cantilevers with an external deflection measurement scheme such as a tunneling tip [1] , the beam deflection technique [5, 6] or the interferometric technique [7] .
While operation in vacuum and low temperatures has been demonstrated with the tunneling [8] and the interferometric techniques [9±12], cantilevers with self-sensing capability are particularly desirable for operation in vacuum and low temperature because of the great dif®culties involved with the alignment of a tunneling tip, optical ®ber or laser beam in these environments. Low-temperature operation of piezoresistive cantilevers has been demonstrated by Volodin and Van Haesendonk [13] , and piezoelectric sensors have been operated at low temperature by Rychen et al. [14] .
Excellent resolution at room temperature has already been demonstrated with the qPlus sensor [15] using optimized imaging parameters [16] . Because thermal drift is strongly reduced and the bandwidth can be reduced greatly, even better resolution is expected at low temperatures. In addition to working with stiff cantilevers, it is important to use small amplitudes in the Angstro Èm range to achieve this resolution [17] . To realize such small amplitudes in a controlled manner, the noise of the force detection unit must be as small as possible. The spectral de¯ection noise density is a quantity for noise calibration and expressed by the ratio between the de¯ection noise and the bandwidth.
Measurement at room temperature
As described, the de¯ection of a cantilever can be measured by optical, piezoresistive and piezoelectric means. Ultimately, all systems convert the cantilever de¯ection into a voltage. For the qPlus sensor, Fig. 1 shows the sensor and its measurement circuit necessary to convert the de¯ection into an output voltage. For the measurements presented here, the operational ampli®er AD711 [18] and a 60 MO feedback resistor is used. Because the ampli®cation is proportional to R and the Johnson noise of the resistor is proportional to R 1/2 an optimal signal-to-noise ratio is expected for in®nitely large values of R. However, the parasitic capacitance of the resistor reduces the bandwidth of the ampli®er. Therefore an optimal value exists for the feedback resistor which is usually found empirically.
We de®ne the sensitivity of a force sensor by the delivered voltage generated by a full de¯ection. To determine this value, the output voltage of a de¯ection system of a force sensor due to the thermal activation of the cantilever is determined. A typical frequency spectra is shown in Fig. 2 .
A ®t of the spectral voltage density V(f ) data with a free-vibration model Vf U 2 noise
yields the spectral white noise voltage density V noise , the eigenfrequency f 0 and the quality factor Q. An integration over the measured bandwidth and the subtraction of the noise¯oor yields the voltage V therm of the sensor due to the thermal activation. To obtain the sensitivity of the sensor, the thermal-activated vibration amplitude has to be determined. At a certain temperature T, and if thermal equilibrium is reached, the amplitude hz therm i equals k B T=k p for a cantilever with stiffness k. Here k B is the Boltzmann constant. The ratio
is the sensitivity of the combination of the sensor plus its de¯ection system. For a qPlus sensor the sensitivity is given by [4] where E Y is the Young's modulus, L the length and t the thickness of the prongs, L e the length of the electrodes of the tuning fork and d 12 2:1 pC=m [19] the piezoelectric coupling constant. R is the value of the feedback resistor (see Fig. 1 ) provided that the operational ampli®er is ideal such that the gain of the current-to-voltage converter is given by R. It can be seen from Eq. (3) that the sensitivity of a qPlus sensor is a linear function of the eigenfrequency of the sensor. The relevant value for the comparison of different force sensors is the spectral amplitude noise density which is given by the ratio of the white noise level and the sensitivity of the sensor including its de¯ection system
The spectral noise density determines the resolution which is achievable by the AFM [20] . As outlined before, the smaller the vibration amplitude of the cantilever, the more sensitive the measurement is on short range forces, i.e. chemical forces. Table 1 displays the results measured for room temperature operation of a micro-machined silicon cantilever with beam de¯ection detection, a piezoresistive cantilever and the qPlus sensor.
The measurements with the standard silicon cantilever detected with a laser beam are performed under ambient conditions. For a ®ber optic interferometer, where the cantilever is replaced by a polished silicon wafer, a de¯ection noise density of 50 fm= Hz p has been quoted. However, the de¯ection noise density for a real cantilever was between 0.1 and 10 pm= Hz p [21] . The measurements on the piezoresistive cantilever and the qPlus sensor is competitive with the noise of optical de¯ection measurement systems. By using Eq. (3) with R 60 MO and d 12 2:1 pC/m [19] , the value for the theoretical sensitivity is 21.9 mV/pm, which ®ts well to the measured data.
In Ref. [4] , the experimental sensitivity was reported to be only half of the theoretical value. In the process of the experiments presented here, we found that this deviation was due to an insuf®cient bandwidth of the preampli®er used in Ref. [4] .
Measurement at low temperatures
At low temperatures, we expect a reduced thermal noise because the dominant contribution to the white noise is due to the Johnson noise of the feedback resistor of the current-to-voltage converter. In addition, Eq. (3) predicts an increased sensitivity because d 12 rises about 10% and the Young's modulus rises about 1% if the temperature decreases from 300 to 5 K [19] . Both the effects lead to a decreasing amplitude noise density of the qPlus sensor.
First of all we have determined the temperaturedependent relative frequency change of our used tuning fork 1 to estimate the temperature of the qPlus sensor. These measurements are done in a¯ow cryostat using an encapsulated tuning fork which is excited externally. The results of these measurements are shown in Fig. 3 .
First the measurements have shown that the relative frequency change of the qPlus sensor is much larger than the frequency change of a tuning fork in its metal case for a temperature range from 300 to 77 K. For the temperature range from 77 to 4 K, the relative frequency changes are similar for the qPlus sensors and the encapsuled tuning forks. For minimizing the white noise density of the force detector output, the capacitance of the leads connecting the qPlus sensor to the current-to-voltage converter has to be minimized. Because this capacitance increases with the length Table 1 Comparison of sensitivity and noise level of a micro-machined silicon cantilever with beam de¯ection detection, a piezoresistive cantilever and the qPlus sensor of the leads, the preampli®er must be positioned close to the qPlus sensor. The operational ampli®er that we use works properly only at temperatures above À40 8C. Therefore we equipped the ampli®er with a heater resistor and enclosed this assembly in a metal case for thermal shielding. The qPlus sensor is hereby mounted directly on a copper cylinder which has direct contact to the cooling liquid. The temperature measurement is done with a Si-diode also mounted on the copper block near the sensor too. With this arrangement, it is possible to determine the thermal vibration amplitude and measure the sensitivity and the spectral amplitude noise density as a function of temperature. During the measurements, the copper block is pulled out of the liquid nitrogen or helium because the vibrations caused by the boiling liquids cause mechanical excitation in addition to the thermal excitation of the qPlus sensor.
The results for the temperature-dependent amplitude noise density and the sensitivity are summarized in Fig. 4 . As expected, the de¯ection noise densityz decreases with temperature. While an increase of the sensitivity for decreasing temperature is expected from the increase of d 12 with decreasing temperature, the observed increase signi®cantly exceeds the anticipated one. Possibly even though we have removed the copper block from the boiling liquid, some mechanical excitation remain. To resolve this issue, we therefore plan measurements in which the qPlus sensor is deliberately excited mechanically.
Summary and conclusion
We have shown that the qPlus sensor functions at low temperatures with an even better noise performance than at room temperature. Because the spectral de¯ection noise density decreases with temperature, an AFM equipped with the qPlus sensor is expected to achieve at low temperatures an even better resolution than at 300 K. The variation of eigenfrequency as a function of temperature has been determined experimentally for a temperature range from 4 to 300 K. As shown in Fig. 3 , the temperature induced relative frequency change almost vanishing both at 4.2 and 300 K. Therefore at these temperatures, the in¯uence of a temperature variation to the eigenfrequency of the cantilever is minimized. The results underline the capability of the qPlus sensor as an extremely sensitive force sensor even at low temperatures.
